Abstract -The Gulf of Gabes is considered as one of the most productive areas of the southern Mediterranean Sea and it plays an important role in Tunisian economy. It is known to be an archetypal ecosystem in which the effects of fisheries are the most pronounced. Based on the stock assessment outcomes, it is as a highly exploited ecosystem. Thereupon, it becomes necessary to establish adequate measures to facilitate the recovery of the marine resources. The most important sets of management measures regard the establishment of Marine Protected Areas (MPAs). However, these management plans should be assessed beforehand to make sure of the relevance of the measure and its impact on marine resources. Modeling may significantly enhance our understanding of the likely impacts of fisheries management plans on groups that are very difficult to study and this approach gives insights at larger spatial scales. We used Ecospace to investigate the potential impacts of several spatial management plans on the ecosystem structure of the Gulf of Gabes. The Ecospace model is based on the existing Ecopath model elaborated by Hattab (2013) . The simulation were carried over a 15-year period. The outcomes of the simulations, suggest that the implementation of MPAs in the Gulf of Gabes could be simultaneously beneficial for the ecosystem and fishing activities. However, the benefits are related to the characteristics of the MPA. The spatial simulations highlight that the location is crucial to the success of the MPA. Additionally, an increase in the size of a MPA can result in an increase in the spillover effect and, consequently, in catches in the neighborhood without harming ecosystem integrity. The configuration of the implemented MPA is of capital importance, a set of many small MPAs is more beneficial than fewer and larger MPAs, especially in terms of catches.
Introduction
The demand for seafood has increased rapidly since the Industrial Revolution with the increase in human population size, resulting in substantial expansion of fisheries (Jackson et al. 2001; Halpern et al. 2008 ). Fishing activities not only expanded in terms of number of fishing units but also in terms of fishing grounds, including waters of all depths and habitat types (Pauly et al. 2002) . The increased provision of seafood entails risks of ecological deterioration of marine ecosystems, as well as direct and indirect impacts of fisheries on the ecosystem (Jennings and Kaiser 1998; Kaiser and de Groot 2000) . In a Corresponding author: abdou.khaledfb@hotmail.fr addition to depleting target stocks and changing species abundance , fishing may modify food webs and destroy habitats (Pauly et al. 2002; Worm et al. 2006) . Furthermore, Mediterranean marine ecosystems are subject to several other anthropogenic pressures, such as habitat degradation, pollution, climate change and invasion by exotic species (Coll et al. 2010 ).
The focus of traditional fisheries management has been on single species, which does not account for the temporal and biological complexity and dynamics of ecosystems. Therefore, a shift towards integrated and more comprehensive approaches to management has become a necessity to manage the increase in resource use and to maintain the structure and functioning Article published by EDP Sciences of ecosystems (Browman and Stergiou 2004) . This shift is currently underway via ecosystem-based management approaches and the use of marine spatial planning tools that aim to exploit marine resources in a sustainable and profitable manner while maintaining a balanced ecosystem (Cochrane and De Young 2008) .
The designation of marine protected areas (MPA) is a widely advocated approach to marine resource management (Colléter et al. 2014; Gell and Roberts 2003; Lubchenco et al. 2003) , and protected areas have been implemented worldwide as part of the ecosystem-based approach (Gaines et al. 2010; Pauly et al. 2002) . MPAs have proven to be effective for the protection of marine biodiversity, minimizing the negative impact of human activities (Gaines et al. 2010; Rossetto et al. 2015) . In addition to the benefits inside an MPA, which allow the abundance and biodiversity of some fish populations to increase, an MPA may be beneficial for the surrounding fishing zones through the emigration of fishes and the export of pelagic eggs and larvae, which can sustain recruitment in those adjacent areas (Gell and Roberts 2003; Gerber et al. 2003; Harrison et al. 2012) . The increase of catches around an MPA may be explained by a "spillover" effect, characterized by the export of fish and reproductive propagules to adjacent unprotected areas after increasing their densities and sizes inside the MPA (Gell and Roberts 2003; Ward et al. 2001) .
MPAs can also have unexpected negative effects. For example, when an MPA favors the increase of predators, a decrease in prey populations might occur. This phenomenon has been identified in several ecosystems (e.g., Malindi Kisite and Watamu Marine National Parks in Kenya; Leigh Marine Reserve in New Zealand; and Brackett's Landing Conservation Area in the USA; Pinnegar et al. 2004) . Moreover, the establishment of an MPA could result in a decrease in catches, especially in the short term (Colléter et al. 2014) . In some cases an MPA is considered a biological success but a social failure (e.g., Bunaken National Park in Indonesia; San Salvador Island, Twin Rocks, Balicasag Island, Glan Padidu Marine Sanctuary and Kapatan Marine Reserve in the Philippines) (Christie 2004; Razon et al. 2012) . Therefore, it is important to evaluate the potential effects of an MPA beforehand. Its expected effectiveness is directly related to location, size and configuration (Browman and Stergiou 2004; Halpern 2003; Hilborn et al. 2004 ).
Ecosystem models can be used to assess potential ecosystem responses to multiple management scenarios (Christensen et al. 2008; Coll and Libralato 2012) . Among the available ecosystem models, Ecopath with Ecosim (EwE, Christensen and Walters 2004 ) is one of the most widely used. The Ecospace module (Walters et al. 1999) of EwE allows for assessment of the effectiveness of multiple potential marine protected areas as it considers the dispersal rates of species as well as the spatial distribution of fishing efforts. The Ecospace framework has been used in several studies (Fouzai et al. 2012; Romagnoni et al. 2015) . To the best of our knowledge, this study represents the first attempt to use this method to assess fishery management alternatives in the Southern Mediterranean Sea.
The Gulf of Gabes is a major fishing ground off Tunisia of great economic and ecological importance, and is considered to be one of the most productive areas in the Mediterranean Sea in terms of catches (Papaconstantinou and Farrugio 2000) . However, since the 1980s, there has been an expansion of fisheries and, as a result, several stocks such as hake have been reported to be highly or over-exploited (Fiorentino et al. 2008) . Based on Fisheries and Aquaculture Department (DGPA) statistics, a continual increase in the number of trawlers occurred from early 1980 until 1991 (285 trawlers) followed by a decline to 229 trawlers in 1997. Since 1997, the number of trawlers has fluctuated around 250. The increase in the fleet size can be explained by the richness of benthic resources (shrimps, mullets, soles, etc.) and the presence of soft bottom habitats facilitating access to these resources .
Therefore, a mass-balance model has been developed to further understand the functioning of the ecosystem and to represent the average situation of the Gulf (Hattab et al. 2013a) . Based on this model, we developed an Ecospace model to assess potential ecosystem feedbacks for several spatial management scenarios (marine protected areas).
Materials and methods

Study area
The Gulf of Gabes is located in the southern Mediterranean Sea on the eastern coast of Tunisia, and covers approximately 35 900 km 2 (Fig. 1 ). An important feature of this region is the unique geomorphological and hydrodynamic pattern. The basin is very shallow (a depth of 200 m is only reached at a distance of 400 km from the coastline), which increases the sensitivity to atmospheric changes (Natale et al. 2006 ). The Gulf is also known to have the highest tidal amplitude in the Mediterranean, reaching 1.8 m in height (Sammari et al. 2006) .
The Gulf of Gabes is home to one of the world's largest seagrass beds of Posidonia oceanica (Batisse and Jeudy de Grissac 1998) , offering a nursery ground for many marine species (Hattour 1991) . The seafloor is primarily soft bottom (Brahim et al. 2003) , resulting in the prevalence of bottom trawling activities in these waters.
Ecopath with Ecosim model of the Gulf of Gabes
Ecopath, in essence, represents a static snapshot of interactions between functional groups in an ecosystem (Christensen and Walters 2004) . Ecopath is a mass-balance model based on the master equation (1):
where P i is the production of functional group i, Y i the fishery catch rate, B i the biomass of group i, M2 i represents predation mortality, E i the net migration rate (emigration -immigration), BA i the biomass accumulation rate, P i (1 − EE i ) the mortality from other sources and EE i represents ecotrophic efficiency. Equation (1) describes how to split the production of each group into components. Ecopath further splits the internal energy flow for each group according to the following 
with R i the respiration of group i, GS i the proportion of unassimilated food and Q i the total consumption rate. Spatial simulations were based on a trophic model for the Gulf of Gabes that had been created using the Ecopath with Ecosim approach, Version 6.2 (www.ecopath.org; Christensen and Walters 2004; Walters et al. 1999) . The model was developed to assess ecosystem functioning and characterize foodweb structure during the period 2000-2005. For this model, the area shallower than 20 m was excluded because of lack of reliable data.
The balanced Ecopath model included 62 species divided into 41 functional groups based on ecological and taxonomic similarities (Hattab et al. 2013a) . Fisheries in the Gulf of Gabes are considered to be multigear and multispecies . Therefore, the model encompassed six fishery types -bottom trawling, small seines, tuna purse seines, purse seines using lights (lamparos), coastal motorized fishing and sponge fishing. Landings statistics were obtained from DGPA, while discards were taken from the literature (Hattab et al. 2013a) . Further details on Ecopath model parameterization can be found in Annex 1 and Hattab et al. (2013a) .
The master equation in Ecosim is (Christensen and Walters 2004) :
where dB i dt represents the growth rate in mass of group i during time interval dt, g i is the net growth efficiency (production/consumption ratio), M i the non-predation natural mortality rate, F i the fishing mortality rate, e i the emigration rate, and I i the immigration rate. The consumption rates are calculated based on the "foraging arena" concept, where the biomass B i is divided into two compartments: vulnerable and invulnerable (Walters et al. 1997 ) and the transfer rate (v i ) between those two components determines the type of food web control (topdown, bottom-up or wasp-waist).
The Ecosim approach was used to carry out dynamic simulation using the parameters from the balanced Ecopath model. The Ecosim model was fitted to landings for the period 1995-2008, time series of fishing effort by fishing gear, and stock assessment estimates of functional group biomass (investigations to collect landings data were conducted by the National Institute of Sciences and Technologies of the Sea). In addition, the primary production in the study area for the period 1997-2007 (data from the SeaWIFS project, http://oceancolor.gsfc.nasa. gov/SeaWiFS) was used for calibration (Halouani et al. 2013 ).
To assess goodness-of-fit and robustness of the fitted model, model outputs were compared to landings time series (Annex 2). Then, several established rest period scenarios (temporal fishing closure) were simulated to analyze the response of the ecosystem (Halouani et al. 2013) . Because data concerning vulnerability parameters (v i ) could not be found for the study area, an iterative procedure (Monte Carlo) was used to determine their values, which consisted in modifying the vulnerability parameters until the goodness-of-fit was optimized, consequently improving model agreement with available data.
Ecospace model
Ecospace is the spatially explicit time dynamic module of the Ecopath with Ecosim software (www.ecopath.org; Christensen and Walters 2004; Walters et al. 1999) . It integrates the trophic and temporal dynamics of Ecopath and Ecosim across a two-dimensional space.
The first step in implementing an Ecospace model is the definition of spatial grid cells. Each cell represents land or water and is assigned to a specific habitat type (Christensen et al. 2008) . Initially, the biomass of functional groups is spread equally and homogeneously across all grid cells. Functional groups move between neighboring grid cells, with movements being controlled by several parameters such as dispersal rate (i.e., the ability of a group to move from one cell to another), foraging behavior (i.e., when functional groups search for their prey) and avoidance of predation (i.e., when functional groups try to avoid being predated) (Walters et al. 1999) . The dispersal rate of a group is expressed as distance travelled (km) per year, and it represents the ability of organisms to disperse from a given position through random movements (Christensen et al. 2000) . Dispersal rates (V i ) are used to calculate the emigration rate (e i ) for each cell (the rate at which organisms leave the grid cell) based on the following equation:
πL , where L is the cell width (Martell et al. 2005) . The immigration rate I in equation (3) consists of the four emigration flows from neighboring cells. These flows are calculated using the following formula (Christensen et al. 2014) :
where B out,rci represents the emigration flow (for the grid cell in row r and column c), e i,d expresses the emigration rate, d is the movement direction, and B rci is the biomass density of group i.
Ecospace model parameterization
The spatial domain of the Ecospace model covered the entire Gulf of Gabes. The baseline map was drawn on approximately 25 000 square cells, each covering an area of 3.2 km 2 . The modeled area extended from the 20-m contour depth to approximately the 200-m isobaths, and included nine habitat types based on depth and bottom type (Hattab et al. 2013b) (Fig. 2) . After the habitats were defined, two maps representing depth and relative primary production were related to the baseline map (Christensen et al. 2008) . The relative primary production map was drawn based on the average concentration of chlorophyll-a in the Gulf of Gabes by averaging monthly SeaWifs images. Each of the 41 functional groups was assigned to its preferred habitat type, i.e. where the feeding rate was high, based on the available information on the ecology and biology of each species and expert advice (Table 1) . Six types of fisheries were included in the Gulf of Gabes model, and each was defined and assigned to the fishing zones where they are permitted to fish according to Tunisian fisheries regulations ( Table 2) .
The distribution of species across the baseline map is governed by dispersal rates, representing the ability of functional groups to move across the spatial grid of the model. For the Gulf of Gabes model, dispersal rates were established based on data available in the literature (Chen et al. 2009; Fouzai et al. 2012; Martell et al. 2005) or the default values recommended by Christensen et al. (2005) .
For baseline dispersal rates we used three values: 300 km year −1 for pelagic species with high mobility, 30 km year −1 for demersal species with medium mobility, and 3 km year −1 for non-dispersing species with low mobility (Christensen et al. 2000) . The relative dispersal rate in unsuitable habitats represents the number of times that a functional group would multiply their basic dispersal rate to return to its preferred habitats. We assumed multiplication factors ranging from 1 to 5, depending on the mobility of the species. The relative vulnerability to predation in unsuitable habitats is assumed to be equal to two, implying that species are twice as vulnerable to predation in unsuitable habitats (Christensen et al. 2000) . Relative feeding rates in unsuitable habitats represent the fact that species in non-preferred habitats are less likely to find and consume appropriate food. We assumed the following values: 0.95 for functional groups with a trophic level equal to 1 (primary producers) because the habitat type slightly influences the feeding ability of these organisms, 0.01 for species with a trophic level between 2 and 3.5, 0.3 for species with a trophic level between 3.5 and 4, and 0.6 for species with a trophic level greater than 4 (Fouzai et al. 2012 ) (see Annex 3 for details).
Spatial management scenarios
Three sets of spatial scenarios were tested for the location of MPAs from which all types of fishing are excluded (Fig. 3) . All scenarios were applied over the period 1995-2010. The results were compared to the reference scenario with no MPA, reflecting the present situation in the Gulf of Gabes, to explore the potential effects of the establishment of an MPA on the ecosystem. Note that the studied MPA designs do not reflect desired or planned management plans, but rather represent contrasting scenarios for the spatial distribution of closed areas.
• Coastal MPAs. In the Coastal-North scenario, an MPA covering 1900 km 2 is implemented in the Northern part of the gulf while in the Coastal-South scenario the same surface is protected further to the South (Fig. 3) . The aim of these scenarios was to assess the effect of MPA location.
• Offshore MPAs. Three offshore MPA scenarios with different surface areas were implemented, Offshore-Small covering an area of 1300 km 2 , Offshore-Medium 2600 km 2 , and Offshore-Large 3900 km 2 (Fig. 3) . These scenarios provided insight into the importance of MPA size.
• Checkerboard MPAs. Two regular checkerboard configurations were assessed, with many small MPAs for Checkerboard-Small and fewer larger MPAs for Checkerboard-Large (Fig. 3) . These scenarios were used to investigate the role of MPA size and distribution.
For all scenarios total biomass by functional group and catches in 2010 were compared to the values obtained for the reference scenario.
Results
Reference scenario
After simulating the reference scenario (no MPA) for 15 years, total species biomass and total catches were 17% and 19% lower respectively compared to the beginning of the period (Table 3) . The results showed changes in biomass for functional groups of commercial and ecological importance, with severe declines in cephalopod groups, mantis shrimp, caramote prawn, and deep shrimp (Table 3 ). The majority of predator groups exhibited a major decline in biomass, which was most acute for sharks; using the Ecopath model it has been shown that sharks are a keystone group in the Gulf of Gabes ecosystem (Hattab et al. 2013a ). However, some exceptions can be noted with some groups having marginally increased biomass. The spatial distribution of functional groups at the end of the simulation period (2010) revealed local depletions of several species, especially in the open sea (Fig. 4) . Regarding catches, many groups showed an increase over the simulation period with catches being multiplied by a factor between 1.2 to 2.5 for groups with an intermediate trophic level such as round sardinella, European anchovy, picarel and bogue (Table 3) . However, catches for other groups declined, especially for the commercially targeted demersal species (rays and sharks).
MPAs implementation simulations
Coastal MPA scenarios
Total biomass for the Coastal-North MPA scenario at the end of the simulation period was nearly identical (-0.05%) to the biomass obtained for the reference scenario (Table 4) . However, the biomass of several species was larger when the MPA was implemented, such as for benthic invertebrate feeders (2) (+14%), picarel (+6%), small tuna (+2.5%), sharks (+2%), medium pelagic fish (+1.5%) and Atlantic bluefin tuna (+1.2%). In contrast, other groups responded to the MPA with a decline in their biomasses, such as caramote prawn (-11%), mullets (-5%), mantis shrimp (-4%), macrocarnivorous fish (2) (-2%) and alien shrimp (-1.6%). The establishment of the MPA led to an 11% increase in the total catch with a substantial increase in the catches for all groups, except European pilchard, round sardinella, European anchovy and bogue (Table 4) .
The results for the Coastal-South MPA scenario were similar with basically no change (+0.11%) in total biomass and larger biomasses, especially for commercially targeted groups of benthic invertebrate feeders (2) (+89%), piscivorous fish (+38%), rays (1) (+14%), Atlantic bluefin tuna (+5%), small tuna (+3%) and medium pelagic fish (+2.5%). Similar functional groups exhibited a lower biomass, such as macro-carnivorous fish (1) (-5%) and (2) (-8%), mantis shrimp (-5.5%), caramote prawn (-5%), sparidae (-2.5%), picarel (-2.5%), European pilchard (-2%) and mullets (-2%). Total catches were 4% lower for this coastal MPA scenario, and the decline concerned nearly all functional groups, except benthic invertebrate feeders (2), piscivorous fish and European anchovy (Table 4) .
Comparing the two implementations of a coastal MPA showed a difference in the response of functional groups. For several groups, the increase in biomass, compared to the reference scenario, was more pronounced when implementing the Coastal-North MPA than the scenario with the Coastal-South MPA. For instance, benthic invertebrate feeders (2) exhibited a 14% increase in the first scenario and 89% in the second. The biomass of the piscivorous fish group did not change in the Coastal-North MPA while it increased by 38% for the southern MPA. For some other groups, biomass increased when implementing the Coastal-North MPA and decreased for the Coastal-South MPA, such as picarel (+6% vs. -2.5%), benthic invertebrate feeders (1) (+1.2% vs. -6%) and sharks (+2% vs. -5%). Total catches increased by +11% for the CoastalNorth scenario and decreased by -4% for the northern MPA. The catches of the majority of functional groups increased for the Coastal-North scenario, while they decreased for the Coastal-South scenario. This difference was marked for alien shrimp with a +38% increase in catches for the northern MPA compared to a 29% decrease for the southern MPA.
Offshore MPA scenarios
The main purpose of these offshore MPA scenarios was to understand the effect of MPA size on functional group biomass and catches. In response to the implementation of the three different-sized MPAs, some groups benefitted from MPA size expansion, such as benthic invertebrate feeders (1), mullets, Atlantic bluefin fish and macro-carnivorous fish (1) and (2). The implementation of the MPA resulted in a decline in the biomass of some groups, such as deep shrimps, benthic invertebrate feeders (2), piscivorous fish and rays (1). Furthermore, total biomass decreased compared to the reference scenario, 0.4%, 0.4% and 0.3% respectively for increasing MPA size. Regarding catches, in total, the harvested biomass increased with MPA size, by +0.3%, +1.8% and +2.9% respectively, and this was the general trend for the majority of the groups, except benthic invertebrate feeders (2) ( Table 4) .
Checkerboard MPA scenarios
For these scenarios, the same surface area was protected using a checkerboard pattern but with differences with respect to the size of each MPA (many small or fewer large). The outcomes showed that, for most groups, final year biomass was larger compared to the reference scenario, with the exception of alien shrimp, deep shrimp, mantis shrimp, horse mackerel, Sparidae, macro-carnivorous fish and sea birds. The differences were more marked for the Checkerboard-Large scenario, which had fewer larger MPAs. However, the difference in the total biomass increase was small (+0.03% compared to +0.11%).
Concerning total catch, a significant decrease was found for both scenarios (-35% and -44% respectively) . This could be explained by the fact that approximately half of the Gulf of Gabes was protected in both scenarios. The catches of some groups increased for small-sized MPAs, but decreased for the larger MPAs, e.g. for mantis shrimp, horse mackerel and European anchovy. For most groups the decrease in catches was much more marked when the checkerboard consisted of larger MPAs (Table 4) .
Spatial distribution of total catch and biomass
To explore the redistribution of fishing efforts when an MPA was implemented, maps were drawn for the spatial distribution of total catches at the end of the simulation period (2010) for each investigated scenario (Fig. 5) . The results showed a concentration of catches and thus fishing activity in the areas adjacent to the MPAs, with the degree of increase in catches next to MPAs differing between scenarios, indicating differences in the "spillover" effect. The spatial distribution of total biomass was also mapped (Fig. 6) . Total biomass was always higher inside the MPAs and in the adjacent areas, but with differences between scenarios.
Discussion
Recognizing the global depletion of fish resources, it has become necessary to develop adequate complementary methods for managing fisheries (Halpern et al. 2008; Pitcher and Cheung 2013) . To this end, modeling is considered a valuable tool to help make decisions for conserving and exploiting marine resources (Christensen and Walters 2004) . This study uses a spatio-temporal modeling framework to evaluate the effects generated by the establishment of MPAs on ecosystem structure, through trophic cascades and links between different functional groups. The model also provided insights into how species-specific biomasses and catches could change for each of the tested management scenarios.
For the Northern-Central Adriatic Sea ecosystem Fouzai et al. (2012) simulated realistic MPA scenarios using an Ecospace model. In contrast, the scenarios assessed in this study cannot be implemented and were only intended to help understand the ecosystem. Another major difference is that the Adriatic Ecospace model scenarios simulated a seasonal fishing ban and a reduction in fishing effort while here we only explored permanent fishing bans and status quo fishing effort.
Current fishery state
The results of this study indicated that given the current fishery state in the Gulf of Gabes, the depletion of marine resources was more severe in 2010, i.e. at the end of the 15-year simulation period. This conclusion agrees with what was deduced from the Ecopath model by Hattab et al. (2013a) , in which all of the assessed indicators showed that the area is unsustainably fished.
The results highlighted that most of the predator species with high and medium trophic levels had lower abundance after the 15-year simulation, which explains the increase in their prey. These results are in agreement with the findings obtained with an Ecotroph model reported in Halouani et al. (2015) .
The outcomes of the reference scenario showed a major increase in the biomass of the alien Lessepsian shrimp group (Trachysalambria curvirostris and Metapenaeus monoceros). This group is in direct trophic competition with the native caramote prawn because both groups have similar prey and predators, leading to a partial trophic niche overlap (Ben Abdallah et al. 2003) . As a result of this competitive relationship, a reduction in the biomass of caramote prawn occurred. Other shrimp groups exhibited a similar decline (mantis shrimp and deep shrimp) following the appearance of alien shrimp in massive numbers. In addition, caramote prawn has a high fishing mortality rate because it is the primary target of bottom trawlers. These finding are in agreement with previous conclusions (Ben Abdallah et al. 2003) .
The biomass of predator groups exhibited a dramatic decline, primarily among sharks and rays. Sharks play an important role in the Gulf of Gabes ecosystem, and they are primarily a by-catch species for bottom trawlers (Hattab et al. 2013a; Saïdi et al. 2005) . Landings in the Gulf of Gabes occur all year round and they primarily consist of juveniles and near-term pregnant females that approach the coast to give birth in more favorable environmental conditions (Saïdi et al. 2008) . Based on official landings statistics collated by the DGPA, elasmobranch catches in the Gulf of Gabes region represent 2.24% of national fish production, and elasmobranch production has declined since 2002, despite increased fishing effort in the area.
Scenarios discussion
To safeguard marine resources and help in the recovery of overexploited stocks, MPAs are increasingly promoted as an effective management strategy. Marine reserves provide a precautionary approach to halt the overexploitation of fish stocks (Chen et al. 2009; Murray et al. 1999) . MPAs minimize the impact of fisheries on ecosystems by protecting sensitive habitats and providing refuge for endangered species. They also insure better fishery stability by closing the gap between the yield and stock capacity, which can reconstitute itself (Ward et al. 2001) . Nonetheless, the implementation of MPAs closed to fishing does not necessarily benefit the ecosystem (Le Quesne et al. 2007) , and some unexpected results have been reported. For example, when the conditions within the protected area favor the increase of predator populations, prey biomass will decline, leading to the so-called trophic cascade. In the short term, closed areas can result in lower catches, and fishermen may be obliged to sail further to reach fishing grounds. However, on the economic side, the loss of catches could be compensated for when species with higher commercial values are targeted. Indeed, the benefits within and outside the closed areas might be reached in the long term, after a long period of protection (Abesamis and Russ 2005; Colléter et al. 2014) .
Despite their popularity and historical use, field evidence for the impacts of MPAs on species biomass and fishery yields remains elusive. Therefore, ecosystem modeling can help evaluate the effectiveness of management plans before implementation (Hilborn et al. 2006 ). The Ecospace model can be used to evaluate the effects of a given management option and provide insights into where to place protected areas and how to design them (Salomon et al. 2002) .
Comparing the two coastal MPA scenarios with the reference scenario indicated a decrease in total biomass for the more northern MPA, but with an increase in total catch, and an increase in total biomass and a decline in total yield for the more southerly located MPA. Thus, it can be concluded that the location of the MPA influences the benefits gained from MPA establishment, which is directly related to the habitats that occur in the protected area. Several studies have shown that the implementation of a successful MPA requires good knowledge of the location and type of habitats (Dugan and Davis 1993; Friedlander and Parrish 1998; Guizien et al. 2012 ). This result is also in agreement with the results of Hattab et al. (2013b) , who used a new method based on the fuzzy logic framework to identify favorable areas in the Gulf of Gabes in which to place artificial anti-trawling reefs. Their results showed that the choice of the location and the spatial arrangement of the reefs is crucial and should be carefully planned to ensure the intended conservation of the ecosystem (Hattab et al. 2013b ).
The primary goal of the offshore MPA scenarios was to consider the influence of MPA size. Accordingly, the implemented MPAs had relative sizes of 1, 2 and 3. Comparing these scenarios with the reference scenario did not show any differences concerning total biomass. In a study conducted by Halpern (2003) , in which he reviewed the empirical results of 89 different MPAs to assess the impact of MPAs on different biological measures, the results showed that, on average, the size of the protected area did not influence the increase in species abundances or biomasses. However, for total catch we observed a significant gain when we increased the size of the MPA, multiplying the total catch by 1.0031 for a small offshore MPA, by 1.0184 for a medium-sized MPA and by 1.0286 for a large MPA. This result can be explained by the "gravity model" used in the Ecospace model to distribute fishing effort over the modeled area based on fishing profitability, which allows the model to mimic reality in a more accurate and realistic way (Walters et al. 1999) . Furthermore, when an MPA is established, the model redistributes the fishing effort rather than reducing it, resulting in a pronounced concentration of fishing activity in the areas adjacent to the MPA. Therefore, an increase in the size of an MPA results in an increase of the boundary and, consequently, an increase in catches. These patterns were also found for other scenarios (Fig. 5) .
With the checkerboard scenarios we assessed the effect of MPA shape by implementing two different MPA networks in a checkerboard pattern covering half of the Gulf of Gabes. The first had many small-sized MPAs and the second fewer large ones. The results showed a large decrease in total catch, due to the prohibition of fishing activity over a large area. We can conclude that many small MPAs benefit the fisheries more than the implementation of fewer large MPAs in terms of total catch. However, no large differences were found for the level of total biomass. This conclusion is in line with what has been shown by Aswani and Hamilton (2004) . Many other studies showed that a network of small-size MPAs allows for much better protection of marine communities than one large protected area Lubchenco et al. 2003) . Indeed, the circumference/surface ratio is higher when many small MPAs are implemented, allowing for greater diffusion of species and propagules in the adjacent areas, which is highly beneficial for fishery .
Because MPAs contain more and larger fish, the protected species can potentially produce more than in unprotected areas. From this study it can be concluded that there was a higher concentration of species inside the MPA and in the adjacent areas as a result of the "spillover" effect (Fig. 6) . However, we found that the biomass emigrating from the MPA was more pronounced for the southern coastal MPA scenario compared to the northern one, although the size of the MPA remained the same. Indeed, the spillover phenomenon was also related to the types of habitat protected by the MPA. Therefore, in instances when the habitats outside the MPA are suitable for the species inside the protected area, emigration will be greater (as in the Coastal-South scenario) (Tupper 2007) . However, in the opposite case, when the adjacent habitats are not as favorable as the ones inside the MPA, the spillover will not have the same intensity and will be lower in terms of biomass (as found for the Coastal-North scenario) (Freeman et al. 2009 ).
Considering the overall results, the most susceptible groups to change were species with high commercial value and those predominantly targeted by bottom trawlers (benthic invertebrate feeders, mullets, macro-carnivorous fish, piscivorous fish, sharks and rays). Most of these groups are considered to be over-or fully exploited (Ben Meriem et al. 1994; Gharbi et al. 2004; Jarboui et al. 1998) ; they have an exploitation rate higher than the general reference point (Hattab et al. 2013a) . This indicates that the Gulf of Gabes is a highly fished ecosystem. Thus, the establishment of effective management measures (MPAs) is a necessity to remedy the situation.
The results of this study are conditional on a number of factors that might affect the outcomes. First and foremost, there is a strong dependency of the Ecospace model on the underlying Ecopath and Ecosim model. The estimation errors are very large for the parameters of the Ecopath model. Furthermore, given the lack of reliable data the area shallower than the 20-m isobath was excluded, adding more uncertainty to the model results.
The Ecospace model of the Gulf of Gabes did not account for all types of transport processes and excluded migratory behavior and advection due to a lack of data. These factors can be important for the spatial distribution of fish species and their inclusion would provide more accurate and realistic predictions. The study could be completed with a socioeconomic component by defining additional parameters, such as sailing costs and species prices, which would provide an idea about the best management options to halt the depletion of marine resources while maintaining reasonable economic profitability. The robustness of the model could be improved if data concerning the spatial distribution of catches, biomass values and fishing efforts were available. Such data could be used to validate the model. Although these limitations can potentially compromise the accuracy of the model at a quantitative level, the qualitative information gained from the Ecospace model is still useful and can be utilized by policymakers to make informed decisions (Walters et al. 1999) . Finally, the majority of the scenarios assessed in this study are not feasible and do not reflect any planned MPA, but they are a theoretical exercise designed to predict the temporal trends of the ecosystem and to assess its potential response to different management plans.
Conclusion
Although the threats to the Gulf of Gabes ecosystem are increasing, this study showed that recovery is possible and the decline of several fish stocks can be stopped only if adequate management plans are implemented. The Ecospace model was implemented to explore the potential effects of different MPA designs.
MPAs are promoted as an effective management tool to support the recovery of ecosystems. They have been widely used to protect vulnerable habitats and to conserve marine biodiversity in an ecosystem-based approach. This study suggests that the implementation of a protected area in the Gulf of Gabes could be simultaneously beneficial for the ecosystem and fishing activities. However, the benefits are directly related to the characteristics of the MPA. Our spatial simulations highlight that the location of the protected area is crucial to the success of the MPA. Additionally, an increase in the size of an MPA can result in an increase in the spillover effect and, consequently, in catches in the neighborhood without harming ecosystem integrity. The configuration of the implemented MPA is of capital importance as well. Indeed, a set of many small MPAs was found to be more beneficial than fewer and larger MPAs, especially in terms of catches, because more habitat types can be protected and the emigration of species towards the unprotected areas will be increased. Another outcome of this study was that the intensity of the spillover from the MPA varies according to the habitat types occurring inside and in the adjacent areas of the MPA. 
